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Abstract 

The coupling of heat and mass transfer in membrane distillation (MD) process makes enhancing 

water vapor flux and determining MD membrane mass transfer coefficient (MTC) fairly 

challenging due to the development of temperature gradient near the membrane surface, referred 

to as temperature polarization (TP). As a result, the change in feed temperature at the membrane 

surface will be difficult to measure accurately. In this paper, the effect of TP was decoupled from 

the membrane MTC by preventing the liquid feed stream from contacting the membrane surface 

through the use of a novel custom-made vacuum MD (VMD) module design. Results showed 

that a temperature difference of 10 °C between the feed bulk and feed temperatures at the 

membrane surface/interface is estimated to take place in the typical VMD configuration, while 

the proposed flashed-feed VMD configuration eliminates TP effect and gives a flux 3.5-fold 

higher (200 kg/m
2.
hr) under similar operating conditions. Therefore, it can be concluded that heat 

transfer coefficient is considered to be the main factor controlling resistance of water vapor flux 

in the typical VMD configuration. The measured MTC of the tested commercial membrane was 

found to be more accurate and the highest among all reported MTCs in the MD literature 

(2.44x10
-6

 kg/m
2.
s.Pa). Additionally, a transmembrane temperature difference of 5°C and 10°C 

in the novel configuration can produce water vapor fluxes of about 9 kg/m
2
.hr and 40 kg/m

2
.hr, 

respectively, at a feed temperature of 70°C, which is very attractive for scaling-up the process.  

 

 

Graphical abstract: 
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1. Introduction 

Membrane distillation (MD) is one of the promising sustainable desalination technologies 

that received wide interest in academia but not yet in industry. MD holds high potential for 

developing new seawater desalination processes that can be driven by solar, geothermal or waste 

heat energy [1-3]. MD applies a micro-porous hydrophobic membrane as a physical interface 

between two aqueous mediums where the difference in temperature between these mediums 

drives the separation process. At a relatively low operating pressure, capillary forces of the 

hydrophobic micro-porous membrane prevent the hydrophilic liquid phase from wetting the 

membrane pores while water vapor phase can pass through. However, unlike the reverse osmosis 

(RO) process, MD process development is still facing some challenges that prevent it from 

reaching industrial scale level. Below are just few facts about MD and RO processes: 

 Both separation techniques were invented in the same decade (RO in 1962 and MD in 1963). 

 For typical seawater quality, MD membrane requires zero or few bars of hydraulic pressure 

only to drive the fluids across the module relative to more than 60 bars applied on RO 

membranes. This means no specific pressure vessels and pipes are needed for MD membrane 

modules to resist the high applied pressure.  

 The low interaction between the process fluid and membrane, and the larger average pore 

sizes of MD membranes make them less vulnerable to fouling as compared to dense RO 

membranes [4]. Additionally, MD membrane can be easily cleaned through backwash with 

air or wetting solution [5]. 

 The MD process is much safer since it can be operated at atmospheric pressure and more 

efficient in rejecting ionic components (about 100%) compared to the RO process [4]. 

 Even though the operating temperatures of the MD process are higher than those of RO 

process, they are still considered as mild (<80°C) and most of the available polymeric 

materials meet this requirement [6]. 

MD is also not different from the conventional thermal desalination technologies that were 

deployed earlier in industry. The heat recovery system design in these conventional thermal 

units is very essential for improving their thermal efficiency. Therefore, they operate at low ΔT 

(5-10°C) between the evaporation and condensation surfaces and at the same time produce large 

quantity of distillate. However, even though installing heat recovery systems in MD processes 

increase their thermal efficiency, the recovered heat always results in a lower distillate flux 
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through the reduction of the driving force across the membrane which makes the improvement 

of MD flux very challenging. For example, in a multi-stage flash (MSF) plant, the water vapor 

flux is usually more than 800 kg/m
2
.hr and is only driven by 5°C to 7°C temperature difference 

[7, 8]. On the other hand, MD flux is far less than this value even at higher temperature 

difference across the membrane. The maximum flux in all direct contact membrane distillation 

(DCMD) studies is reported to be less than100 kg/m
2
.hr even though the temperature difference 

between the hot and cold fluids is as high as 60°C, which is not practical for large scale modules 

[9]. Given these considerations, two fundamental questions are being raised: 

(1) Why the MD flux is so low as compared to MSF?  

(2) Is it the membrane structure itself that restricts the vapor flow, or it is originating from the 

reduction in driving force caused by temperature polarization (TP)?  

In this paper, we comprehensively addressed these issues by developing a new experimental 

method in which the effect of TP on MD water vapor flux has been decoupled from the mass 

transfer effect. To achieve this, we conducted MD experiments in a custom-made module 

offering a novel MD configuration design to the feed side, which we refer to as flashed-feed 

configuration.  Briefly, the new method implies conducting two sets of vacuum membrane 

distillation (VMD) experiments. In the first set of experiments, the feed was flashed before it 

physically contacted the surface of the hydrophobic membrane in order to eliminate the TP 

effect. Although the hydrophobic membrane used in this study was not in direct contact with the 

feed water when the system was run in the feed-flashed mode, it still separated the feed side 

from the permeate side similar to any other MD processes due to inherent ability of hydrophobic 

membrane to prevent pores wettability as the flashed vapor is a kind of moisture, thus ensuring 

high purity of produced water vapor. With this concept, water vapor is produced and transported 

through the membrane in a relatively very small volume (a few millimeters separate the feed 

liquid level and the membrane surface) compared to the huge volume required in MSF distillers, 

as an example (the distance between the brine level and the condensation surface is about 2 

meters). By measuring the water vapor flux and the pressure drop across the membrane, the 

mass transfer coefficient (MTC) has been calculated. In the second set of experiments, the feed 

was allowed to contact the membrane as in a typical VMD configuration. By comparing the 

water vapor fluxes from these two sets of experiments, the TP effect has been determined. 

 

2. Theory 
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Beside its hydrophobic property, MD membranes should have some other important 

properties that are expected to extend their life time and boost their thermal and production 

performance, including: 

 High liquid entry pressure 

 Chemical and mechanical stability at process operating conditions 

 Low thermal conductivity 

 High porosity 

 Optimal membrane thickness 

 Low tortuosity 

Most of these required properties (if not all) have been already met by currently available 

commercial PTFE and PVDF membranes. However, it seems that MD researchers are not yet 

agreeing on whether the available membranes are good enough for the MD process development. 

This fact might be inferred from 2016 year MD publications where one can still see some 

researchers working on developing new MD membranes without seeing net improvements in 

flux compared to commercially available membranes under the same operating conditions, e.g. 

[10-18] while other researchers still use the commercial MF membranes, especially in studies 

focused on pilot plant testing, e.g. [19-23]. Even though the MD researchers’ disagreement on 

the appropriateness of the available MF membranes for MD process might be a good driver for 

further membrane development, the main reason in our opinion for this disagreement stems from 

the difficulty in accurately estimating the MD membrane performance. A number of factors, 

including absence of standard test method for evaluating MD membrane performance; 

complexity and irregularity of the membrane pore structure; the coupled heat and mass transfer 

mechanisms, and the development of interfacial gradient of temperature and salt concentration 

(referred to as temperature and concentration polarization, respectively) are all contributing to 

the difficulty in estimating MD membrane performance. 

In the MD-specific research, the membrane performance has been estimated by a range of 

different techniques, which can be divided into two main categories. The first category includes 

all techniques used to estimate individual membrane parameters such as average pore size, 

porosity, tortuosity, thickness, etc. The second category includes techniques that estimate the 

overall performance of the MD membrane without paying attention to the individual 

characteristics of the membrane structure. Both categories have their own advantages and 

disadvantages. For example, determining membrane performance through their individual 
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characteristics is considered fairly cumbersome and subject to high percentage of errors in their 

measurements, which are expected to increase when the individual parameters are applied in the 

mass transfer mechanistic equations (viscous, Knudsen and diffusion flow equations) to 

determine membrane mass transfer performance. On the other hand, the first category techniques 

are essential for finding the bottleneck of MD membranes performance and aid in improving 

their water vapor flux. The second category, which we believe to be a good testing method 

because it circumvents the complexity of membrane structure and is expected to give more 

reliable and practically-oriented results. However, there is still a major problem in evaluating 

MTC of MD membrane in this category due to the failure in replicating the process conditions 

when the test method is conducted. This problem is clearly seen in the non-mechanistic flux 

equation (Eq. 1) reported frequently in the MD literature: 

        (1) 

where J is the mass flux, Cm is the MTC, and ΔP is the driving force of the water vapor.  

In Eq. (1), the MTC is a function of the membrane structure and the water vapor property. 

For example, one can get different fluxes using the same membrane and the same ΔP by just 

changing the water vapor condition inside the membrane pore. A numerical example might be 

needed to clarify this further. Let us assume that we run two DCMD experiments using one type 

of membrane, so Cm would be the same in both experiments. In the first experiment, we run a hot 

feed stream at 80 °C and a permeate steam at 70°C. The driving force in this case would be about 

16.2 KPa and the average water vapor pressure would be about 39.3 KPa. In the second 

experiment we are going to achieve the same driving force, but at different feed and permeate 

temperatures. One possible case is to run the DCMD process at a feed stream temperature of 

58.5°C and permeate stream temperature of 20°C. Even though the driving force of the second 

experiment is equal to that of the first one, the average water vapor pressure inside the membrane 

pores of the second experiment would be much lower (10.5 KPa). See more details of this 

phenomenon in [9]. 

The ideal gas flow (Eq. (2)) is written as follows:  

  
     
     

 (2) 

where  is the water vapor density, M is the molecular weight of the water vapor, Pavg is the 

average pressure at membrane pores, R is the universal gas constant, and Tavg is the average 

temperature inside membrane pores.  
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If we use Eq. (2) at two different experiment conditions, we will find that the density of the 

water vapor in the first experiment is more than three times higher than that in the second 

experiment. Since the mass flux is proportional to the water density, we expect the mass flux in 

the first experiment to be about three times more than that in the second experiment. 

We can come to the same conclusion through a simple manipulation to the viscous flow 

equation (Eq. (3)): 

        
   

  
(
     

      
)                                                       (3) 

where r, , ,  are the average membrane pore radius, tortuosity, thickness, and porosity of the 

membrane, respectively,  is the air and water vapor viscosity inside the membrane pores and P 

is the water vapor difference between the two sides of the membrane. 

From Eq. (2) we can re-write Eq. (3) as follows (Eq. 4): 

        
   

  
(
 

 
)    (4) 

Since the gas viscosity is a poor function of pressure, we can assume that MTC is a function 

of membrane structure as well as of the gas density inside the membrane pores. Therefore, using 

gas permeability test, for example, to evaluate the performance of MD membrane is not 

appropriate due to the difference in density between the water vapor at MD process conditions 

and the testing gas at the gas permeability test conditions [24]. 

VMD configuration can also be used as a method of the second category to evaluate MD 

membrane performance [25]. However, the heat and mass transfer rates are always coupled, and 

the rate at which a component is being separated from a mixture must be limited by either its 

heat transfer mechanism or by its mass transfer mechanism (Fig. 1).   
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Figure 1: Schematic of the main controlling resistances in the VMD process.   

 

At low mass transfer resistance, the thermal separation process becomes heat transfer limited, 

and the opposite is true when the heat transfer resistance is lower according to the Eq. (5): 

   (     )    (     ) (5)  

 

where Q is the heat flux, h is the heat transfer coefficient, Tb and Ti are the feed temperatures in 

the bulk and at the membrane surface, respectively, Pv and Pi are the water vapor pressures of 

the applied vacuum and at the membrane interface, respectively. 

TP occurs in the thin layer of liquid near the membrane interface once it undergoes changes 

in mass and heat transfers. The TP only develops in the non-isothermal processes such as MD 

and results in reduction in the driving force of the water vapor passing across the membrane. The 

large latent heat of the water vapor and the no-slip condition (zero viscous fluid velocity at the 

boundary of a solid surface) make it very difficult for the hydrodynamic conditions represented 

by h to meet the heat transported by evaporation and condensation. The large latent heat of the 

water vapor is its intrinsic physical property and therefore its effect on the heat transfer 

limitation cannot be reduced. On the other side, the no-slip condition effect can be mitigated by 

introducing turbulence promoters near the membrane surface. Unfortunately, the effect of these 

promoters is limited and they cannot eliminate TP completely as it is shown later in this paper. 

Therefore, the only reliable way to eliminate the TP effect is to prevent the hot feed stream from 

contacting the membrane surface. Once this goal is achieved, calculation of the individual effect 

of MTC and TP on the water vapor flux becomes quite easy.  



9 
 

 

3. Materials and Methods 

3.1. Module design 

In order to conduct a VMD experiment without having the feed stream to touch the 

membrane surface, a custom-made module was designed and fabricated locally by using King 

Abdullah University of Science and Technology (KAUST) mechanical workshop facilities. 

Figure 2 shows a digital picture of the novel VMD module (Fig. 2A) and schematics of flashed-

feed (Fig. 2B) and contact (Fig. 2C) typical VMD modes. The module consisted of two parts 

which sandwiched a circular membrane. The vacuum was applied through the inlet in the upper 

part of the module while the lower part of the module was used as a feed compartment with an 

inlet port located 5 mm below the membrane surface and an outlet at the bottom of the 

compartment. The module was also equipped with vacuum sensors to measure the absolute 

pressures at both sides of the membrane. Additionally, the module was provided with a level 

indicator made of transparent plastic tube to observe the feed level inside the compartment and to 

ensure that the feed stream is not touching the membrane surface (Fig. 2B). The upper part of the 

module contained additional ports to allow for measuring the feed and vapor temperatures as 

well as conducting other MD processes such DCMD. The same module can also be used to 

conduct typical VMD experiments by flipping the module upside down in order to allow the feed 

steam to fill the compartment with water before it leaves the module (Fig. 2C). 
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Figure 2: Custom-made VMD module, A: digital picture, B: flashed-feed mode, C: feed-

membrane contact mode (typical VMD). 

 

3.2. Membrane 

A circular flat sheet specimen of 4 cm in diameter of a commercial PTFE membrane supplied 

by Sterlitech (Kent, WA, USA) was used in all experiments. The membrane was supported by a 

nonwoven layer made of polypropylene. The physico-chemical parameters of the flat sheet 

membrane as supplied by the manufacturer are given in Table 1. 

 

Table 1: Physico-chemical properties of PTFE membrane as reported by supplier and the 

average thermal conductivity estimated using km=kg+(1-)ks assuming 40-80% membrane 

porosity.   
Average pore size µm 0.22 

Thickness µm 102-152 

Air permeability m3/(m2.min) at 125 Pa 0.06-0.12 

Liquid entry pressure KPa >100 

Bubble point with 

isopropyl alcohol 

KPa >138 

Average thermal 

conductivity 

W/m.K 0.15-0.067 

 

3.3. Experimental setups 

In order to evaluate the effect of TP on VMD process, two experimental setups were used. 

The first one is called flashed-feed VMD experimental setup where the feed stream was not 

allowed to touch the MD membrane while the second one is referred to as typical VMD setup. 

The flashed-feed VMD experimental setup is shown in Figure 3. In this setup a 4 L Red Sea 

water feed (see Table 2 for physical properties) was heated in an 8 L tank with electric heater and 

then introduced to the custom-made module by vacuum applied through a vacuum pump 

B C 
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connected to the upper part of the module. In order to control the water level in the module and 

to prevent it from reaching the membrane surface, a water pump (shown in Fig. 3.) was installed 

at the outlet port to recycle the feed water back to the feed tank. With the help of a throttling 

valve installed at the feed line which regulates the feed flow rate to the flashing chamber and the 

vacuum maintained by the vacuum pump, the flashing of the feed stream is achieved. For the 

typical VMD setup, the hot feed water was supplied to the module using a water pump to ensure 

better control of the flow rate, as shown in Fig. 4. In both setups, the water vapor which passed 

through membrane pores was condensed inside the stainless steel coil immersed in the ice bath 

and weighted by the Mettler Toledo balance with a resolution of 0.01 g (Columbus, OH, USA) 

and logged in through the Labview software (Austin, TX, USA). Similarly, the absolute pressure 

at the two sides of the tested membrane was measured by calibrated vacuum sensors and logged 

in through the Labview software. 

 

Table 2: Red Seawater feed physical properties. 

Parameter Unit Value 

Conductivity mS/cm 61,400 

TDS mg/L 42 

Turbidity NTU 0.96 

Calcium (Ca) mg/L 480.5 

Magnesium (Mg) mg/L 1,530 

Sodium (Na) mg/L 12,628 

Potassium (K) mg/L 425 

Chloride (Cl) mg/L 23,128 

Sulfate (SO4) mg/L 2,650 

Boron (B) mg/L 5.1 

TOC  mg/L 1.94 
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Figure 3: VMD flashed-feed experimental setup. 

 

The typical VMD experimental setup is shown in Figure 4. It is similar to the previous setup 

except that the custom-made module is flipped upside down and the feed stream is allowed to 

fill the feed compartment and touch the membrane surface. 

 

  

Figure 4: Typical VMD experimental setup. 

 

3.4.Experiments procedure 

3.4.1. Effect of temperature polarization on water vapor flux 



13 
 

In order to estimate the effect of TP on VMD flux a range of experiments was conducted. 

Firstly, the typical VMD setup was used to measure the water vapor flux at different feed flow 

rates ranging from 500-2,500 mL/min at seawater feed temperature of 80°C and absolute 

pressure of 20 kPa. Then the flashed-feed VMD experiment at a feed temperature of 80°C and a 

feed flow rate of 900 mL/min was run in order to compare the water vapor flux to those of the 

typical VMD runs.  

 

3.4.2. Feed temperature at feed-membrane interface 

In order to estimate the feed temperature at the membrane surface two sets of experiments 

were conducted using two different setups mentioned previously. The feed flow rate and absolute 

pressure (at the permeate side) in these sets of experiments were kept constant at 900 mL/min 

and 9 kPa, respectively, while the feed temperatures varied from 60°C to 80°C. 

 

3.4.3.  Evaluating membrane performance 

The flashed-feed VMD setup was used to evaluate the performance of MD membrane at 

small temperature differences to mimic large scale module operating conditions (5°C and 10°C) 

by conducting experiments at a constant flow rate of 900 mL/min and constant feed temperature 

of 70°C at different absolute pressures (on the permeate side) ranging from 5 kPa to 25 kPa. The 

experimental error was in the range of 5-10% in all tests. 

 

4. Results and discussion 

4.1. Effect of temperature polarization on water vapor flux 

One of the most common techniques used in improving feed channel hydrodynamics of MD 

modules is increasing the feed flow rate. The effectiveness of increasing feed flow rate on 

improving channel hydrodynamics mainly depends on the MD module design. As it is shown in 

Figure 5, increasing feed flow rate improved the water vapor flux due to the improvement in 

module channel’s hydrodynamics. However, the effectiveness of this improvement became less 

pronounced as the feed flow rate increased. For example, increasing the feed flow rate from 500 

mL/min to 1,000 mL/min increased the water vapor flux by 28 kg/m
2
.hr while increasing the 

flow rate from 1,000 mL/min to 1,500 mL/min increased the water vapor flux by 22 kg/m
2
.hr 

only. The effectiveness continued to decrease as the feed flow rate increased until no further 

increase in water vapor flux was achieved (at 2,000 mL/min and higher), as shown in Fig. 5. 
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Based on these observations we asked ourselves the following question “Could we consider the 

VMD process to be limited by the membrane mass transfer?” The answer to this question was 

given by the green curve in Figure 5, which describes the water vapor flux obtained during VMD 

process in the flashed-feed mode after completely eliminating TP effect. In this mode of 

operation, even with a feed flow rate of 900 mL/min, the water vapor flux increased from 105 

kg/m
2
.hr (obtained at flow rates of 2,000 mL/min and 2,500 mL/min) to 119.5 kg/m

2
.hr, which is 

significantly higher comparing to the typical VMD mode. At similar flow rates (900 mL/min), 

the flux of flashed-feed mode was double (increased from approx. 60 kg/m
2
.hr to 119.5 kg/m

2
.hr) 

as compared to typical VMD mode and with similar salt rejection value which was higher than 

99.7% in all experiments. Based on this result, we can conclude that MD membrane heat transfer 

rate limits the VMD water vapor flux and the effectiveness of the feed flow rate in improving 

water vapor flux mainly depends on the MD module design and does not necessarily mean the 

total elimination of TP effect on MD process. Moreover, this result disprove the validity of the 

method given by Sakai et al. [26] which depended on plotting the reciprocal of stirring rate 

versus water vapor flux and extrapolating the curve to infinite stirring rate in order to eliminate 

the effect of TP.  

It might be worth noting here that this technique is also effective in eliminating concentration 

polarization (CP) effect on water vapor flux as it does with TP. However, since the effect of TP 

has been widely reported to be more dominant in MD than CP, we decided to focus on TP effect 

in this paper in order to simplify the discussion.  
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Figure 5: Comparison of cumulative water vapor weight vs. time for different feed flow rates 

for typical VMD mode relative to flashed-feed VMD mode at a feed inlet temperature of 

80
o
C and absolute pressure of 20 kPa.  

 

4.2. Feed temperature at membrane interface 

The reduction in the feed temperature at the membrane surface relative to the bulk feed 

temperature can be estimated by plotting the water vapor flux against the feed temperature at 

constant flow rate and absolute pressure using both typical VMD mode and flashed-feed VMD 

mode. As shown in Figure 6, the water vapor flux in the flashed-feed VMD mode is always 

higher than that of the typical VMD mode due to the elimination of TP effect in the novel mode. 

At 80°C feed temperature in the flashed-feed configuration, it was observed that the water vapor 

flux reached as high as 233 kg/m
2
.hr. Such high flux value suggests that eliminating TP effect at 

higher feed temperatures is much more important than at lower feed temperatures. This fact can 

also be deduced from the water vapor pressure vs. temperature curve where a small decrease in 

feed temperature results in significant reduction in water vapor pressure.  Additionally, one can 

observe that the water vapor flux in the typical VMD mode at a feed temperature of 80°C is 

almost equal to the water vapor flux at feed temperature of 70°C in the flashed-feed VMD mode 

(about 78 kg/m
2
.hr). The same trend was observed at feed temperatures of 70°C and 60°C, 

respectively (about 43 kg/m
2
.hr). If we expect the same effect to occur to the feed temperature at 

60°C in the typical VMD mode configuration, then the actual feed temperature at the membrane 
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surface would be about 50°C (sat. vapor pressure is 9.2 kPa). This value can explain the low 

water vapor flux (1.5 kg/m
2
.hr) at this temperature because of the small driving force applied 

(absolute pressure on permeate side is 9 kPa). Therefore, it can be concluded that the TP effect in 

VMD could contribute to a feed temperature reduction at the membrane surface of about 10°C 

relative to the bulk feed temperature at this range of feed temperatures. 

 

Figure 6: Water vapor flux at different feed temperatures, constant absolute pressure (9 kPa) 

and constant feed flow rate (900 mL/min) in typical VMD and flashed-feed VMD modes. 

 

4.3. Membrane performance 

After eliminating the effect of TP in VMD module, one may become curious to know how 

much membrane permeability allows water vapor to pass at small water vapor pressure 

difference (ΔP) such as equivalent to ΔT of 10°C and 5°C, and to see whether the available 

commercial micro-porous membranes are suitable for building large scale MD units. As shown 

in Figure 7, the water vapor flux is plotted against ΔP measured across the two membrane sides 

in the flashed-feed VMD mode at a constant feed temperature of 70°C and a constant feed flow 

rate of 900 mL/min. The MTC curve showed a linear trend at higher P with a slope of 8.6 

kg/m
2.
hr

.
kPa, which correspond to a MTC of 2.4 x10

-6
 kg/m

2
.s.Pa. At lower ∆P (≤5kPa) the slope 

of the curve started to change to a lower value. This is most probably because ∆P is 

exponentially related to the water vapor flux and at low ∆P the flux is much lower. We also 

believe that a new mechanism of water vapor mass transfer started to take control such as the 
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diffusion mechanism because the slope was reduced by more than 4 times relative to the slope at 

higher ∆P.  

By using the graphical method that we introduced in previous work [25], we could estimate 

the water vapor flux of the tested MD membrane at a temperature difference of 10 °C. The dotted 

curve represents the theoretical vapor pressure P at different feed temperatures and constant 

permeate vapor pressure equivalent to 60°C. If we draw a horizontal line from a feed temperature 

of 70 
o
C, it will cross the dotted line at a P value of about 11.26 kPa. At this much of driving 

force, the experimental curve will give a water vapor flux of about 40 kg/m
2.

hr, which is almost 

3 times higher than the flux achieved by DCMD configuration at the same temperature 

difference and using the same membrane [27, 28]. This may allow us to conclude that the TP is 

considered to be the major challenge in the MD commercialization and the main contributor of 

the low water vapor flux in the MD process.  

 

 

Figure 7: Estimating water vapor flux at different P for feed flow rate of 900 mL/min and 

at temperature of 70 °C after eliminating temperature polarization effect. 
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For a temperature difference of 5°C, the water vapor flux is also high in the flashed-feed 

configuration. Under the same conditions (ΔT = 5°C), none of the pilot plants and small ΔT 

studies have reported a water vapor flux higher than 6.12 kg/m
2
.hr or 3.8 kg/m

2
.hr at inlet feed 

temperatures of 90°C and 70°C, respectively, while after eliminating TP with our novel 

configuration, the water vapor flux was estimated to reach 9 kg/m
2
.hr (at a feed temperature of 

70°C), which is much higher than the reported pilot units fluxes at the same feed temperature 

(see Table 3): 

 

Table 3: Reported water vapor fluxes of different MD pilot units (providing ∆T values across the 

membrane).    

Configuration Feed Temp (°C) ∆T Flux (kg/m2.hr) Reference 

AGMD 80 7 2.5 [29] 

MSF-MEMD 

90 5 6.12 

[30] 
80 5 4.21 

75 5 3.95 

60 5 3.73 

AGMD 

70 4.5 2.7 
 

[31] 
70 3 1.3 

50 2 0.6 

AGMD 

60 3.9 2.2 

[32] 55 3.2 1.66 

50 3.1 1.38 

Vacuum 

enhanced 

AGMD 

90 

90 

90 

3 

5 

10 

4.5 

6 

14 

[33] 

The proposed 

flashed-feed 

configuration 

70 

70 

10 

5 

40 

9 

This study 

 

 

5. Conclusions 

The coupling of heat and mass transfers in MD processes makes determining MD 

membrane MTC quite challenging due to the effect of TP on the water vapor flux at the 

membrane-feed interface. In this study, the effect of TP was eliminated by developing a novel 

custom-made module that allowed conducting VMD experiments without having MD feed 

stream to be in contact with the MD membrane, thus referred as flashed-feed configuration.   

The outcome from analyzing the data collected in this work can be summarized as follows: 

 MD flux is controlled by the heat transfer coefficient. 
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 The currently available commercial microporous membranes are good enough for 

scaling-up the process, though the development of novel membranes with better performance is 

always required. 

 TP can reduce MD feed temperature by as much as 10°C at a membrane surface relative 

to the bulk feed temperature. 

 After eliminating TP effect, water vapor fluxes of 9 kg/m
2
.hr and 40 kg/m

2
.hr are 

estimated to be produced by using novel VMD configuration at ΔT of 5°C and 10°C, 

respectively. Given that 40 kg/m
2
.hr is the highest reported flux under the same conditions, this 

may give a new prospect to the development and industrialization of the MD process, especially 

we do not expect to have severe fouling or scaling issue on the membrane surface as we did not 

observe any flux decline during our experiments using real Red Sea water without any 

pretreatment. 

Based on the results obtained in this study, a further set of experiments has been planned to 

elucidate the effect of membrane properties on water production and quality. In order to achieve 

this, MD membranes with different pore sizes and characteristics will be tested. In addition, the 

module will be further modified by installing a nozzle system at the feed inlet to enhance the 

feed evaporation process in order to further enhance the water vapor flux. 

 

Nomenclature: 

Cm Mass transfer coefficient (kg/m
2.
hr) 

h Heat transfer coefficient (kJ/m
2.
hr) 

J Water vapor flux (kg/m
2.

hr) 

                 Jp Water vapor flux in viscous flow regime (kg/m
2.

hr) 

kg Air thermal conductivity (W/m.K) 

km Membrane thermal conductivity (W/m.K) 

ks Polymer thermal conductivity (W/m.K) 

M Water vapor molecular weight (kg/mol) 

P Water vapor pressure difference (kPa) 

Pi Water vapor at the membrane pore interface (kPa) 

Pv Water vapor of the membrane vacuum side (kPa) 

R Universal gas constant (m
3.

kPa/k
.
mol) 
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 Water vapor density (kg/m
3
) 

r Average membrane pore radius (m) 

 Average membrane porosity 

 Membrane pore tortuosity 

 Water vapor viscosity (kg/m
.
s) 



Q 

Tb 

i 

Membrane thickness (m) 

Heat flux (W/m2) 

Bulk feed temperature (K) 

Feed temperature at the membrane surface (K) 

avg Average temperature inside membrane pores (K) 

Pavg Average pressure at membrane pores (kPa) 
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Highlight 

 

 Flashed-feed VMD is proposed as a novel MD configuration 

 It consist of preventing the liquid feed stream from contacting the membrane surface 

 The effect of TP is eliminated by decoupling the heat and mass transfer 

 A high flux can be obtained at small transmembrane temperature difference  

 TP can reduce feed temperature by as much as 10°C  

 

 




